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that are frequently associated with acute respiratory,
gastrointestinal, and ocular infections. Among the .50
different Ad serotypes, the closely related Ad2 and Ad5
types have been the most intensively studied in terms of
their structure, life cycle, genome organization, and se-
quence. As a consequence, replication-defective forms
of Ad5 are currently being evaluated as vectors for hu-
man gene therapy. While the safety of Ad vectors for
clinical use is currently undergoing further scrutiny, ad-
enovirus has helped uncover several important cell and
molecular biologic processes including cell cycle con-
trol, RNA splicing, and immune response regulation. Ad-
enoviruses have also been used to dissect the multifac-
torial and multistep processes involved in virus entry into
cells, which is the main topic of this short review.
An emerging concept in virus–host cell interactions is
that multiple receptor binding events are required to
promote efficient cell entry (i.e., HIV and HSV-1). In fact,
adenovirus was one of the first viruses shown to asso-
ciate with distinct cell receptors that facilitate either
attachment (Bergelson et al., 1997; Tomko et al., 1997) or
nternalization (Wickham et al., 1993) (Fig. 1). Most Ad
ypes bind to cells via a 46-kDa membrane glycoprotein
hat is widely expressed on different tissue types in vivo.
This protein is a member of the immunoglobulin super-
family and is referred to as CAR (coxsackie adenovirus
receptor) since it also mediates attachment of coxsackie
B viruses. A closely related Ad receptor is also ex-
pressed on many murine cell types; however, the tissue
distribution of the murine homologue (MCAR) appears to
differ from that of human CAR (HCAR). Functional anal-
yses of recombinant forms of CAR have demonstrated
that the first immunoglobulin-like domain (D1) is suffi-
cient for Ad binding (Freimuth et al., 1999) while the
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1intracellular and transmembrane domains are not re-
quired in virus infection (Wang and Bergelson, 1999).
These findings suggest that signaling events resulting
from CAR ligation are not a prerequisite for virus entry.
CAR binding is mediated by the Ad fiber protein, a ho-
motrimeric molecule composed of an N-terminal region
that anchors the fiber to the penton base capsid protein,
an elongated central shaft domain (van Raaij et al., 1999),
and a COOH-terminal CAR-binding domain (knob). Re-
cently, a high-resolution structure of the D1 domain of
CAR in a complex with the Ad12 fiber knob has been
obtained by X-ray diffraction (Bewley et al., 1999). The
new structure, in combination with mutagenesis studies
(Roelvink et al., 1999), revealed that amino acid residues
located in several extended loops on the lateral surface
of the fiber knob mediate CAR binding. Each fiber knob
can potentially support the binding of three CAR mole-
cules; however, this has not been formally demonstrated.
Several amino acid residues in the fiber knob (i.e., AB
loop) that are involved in CAR interactions are also highly
conserved among different adenovirus serotypes.
These new studies have provided important leads for
retargeting adenoviral vectors to different cell receptors.
This has been accomplished by removing critical CAR-
binding residues in the fiber knob and inserting new
sequences that facilitate binding to alternative receptors
(Roelvink et al., 1999). While true Ad retargeting has not
been fully accomplished for in vivo applications, fiber
modifications have the potential to increase the effi-
ciency of adenovirus-mediated gene delivery to specific
cell types.
Despite recent advances, several gaps exist in our
knowledge of primary attachment receptors for Ad. For
example, it is not known what role CAR plays in normal
host cell functions or how its expression is regulated on
different tissues. Moreover, while CAR is recognized by
many Ad types, it does not serve as the receptor for
certain subgroup B (Ad3, Ad7) (Roelvink et al., 1999) or
subgroup D viruses (Ad8, Ad37) (Arnberg et al., 2000).
Therefore, the identity of alternative Ad receptors as well
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2 MINIREVIEWas their role in cell tropism and pathogenesis remains to
be discovered. Recent studies have suggested that hep-
arin sulfate proteoglycans (Dechecchi et al., 2000) or
sialic acid (Arnberg et al., 2000) may also facilitate Ad
ttachment.
While fiber interaction with CAR clearly facilitates virus
ttachment to cells, this is not generally sufficient to
llow rapid virus uptake. Instead, integrin avb3 or avb5
association with the penton base protein promotes virus
internalization (Fig. 1). av integrins recognize a highly
conserved RGD motif that is present on an extended loop
in the penton base of many but not all Ad serotypes.
Approximately five integrin molecules can bind per pen-
ton base protein and, therefore, each virus particle can
potentially engage as many as 60 av integrins (Chiu et
al., 1999). It is not yet known whether integrin interaction
occurs simultaneously with CAR binding or whether
these receptor interactions occur sequentially. In a se-
quential model, CAR binding could occur first and this
may be accompanied by a conformational change in the
FIG. 1. Cartoon depicting the cell receptors and virus capsid prote
tructural information, the elongated fiber protein may need to under
ntegrins with the RGD motif in the penton base protein.relatively long (370 nm) Ad5 fiber. Fiber bending would
allow the virus capsid to move closer to the cell surface,
c
bthus facilitating subsequent interactions of the penton
base with av integrins. The validity of the sequential
model has not yet been established and it is also worth
noting that certain Ad serotypes, which display shorter
and/or more rigid fiber proteins (i.e., Ad3), may exhibit
different modes of receptor interactions.
Following the attachment step, adenovirus is rapidly
internalized into clathrin-coated vesicles. Several studies
have suggested that following CAR binding, the fiber
protein stays on the cell surface while the remaining
virus particle and associated integrins are subsequently
cointernalized (Fig. 2). Adenovirus entry also requires
dynamin as well as the activation of several signaling
molecules including phosphatidylinositol-3-OH kinase,
the Rho family GTPases Rac1, CDC42, and a large dock-
ing molecule known as p130CAS (Li et al., 2000). A major
ownstream target of the PI3K and Rho GTPase signal-
ng pathway is the actin cytoskeleton. At present, it is not
lear how actin facilitates Ad internalization; however, a
ole for cytoskeletal proteins and similar signaling pro-
olved in adenovirus attachment or internalization. Based on current
onformational change in order to allow an optimal association of avins invesses have been described for cell invasion by a num-
er of pathogenic bacteria. One possibility is that actin
b
t
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3MINIREVIEWfilaments provide the mechanical force required for en-
dosome formation. Alternatively, actin networks may
serve as structural platforms that stabilize the half-life of
signaling molecules in the cell. Further studies on ade-
novirus cell entry may shed light on the precise molec-
ular events involved in receptor-mediated endocytosis.
A unique feature of adenovirus particles is their ability
to rupture the membrane of early endosomes, thus en-
abling partially uncoated virus particles to enter the cy-
toplasm and subsequently transit to the nucleus (Greber
et al., 1993). While the precise molecular events leading
to endosome rupture are still poorly understood, several
lines of evidence indicate that integrins play a crucial
role in this process. Cell surface expression of integrin
avb5 was shown to be required for Ad-mediated mem-
rane permeabilization at pH 6.0. Penton base interac-
ion with av integrins is also required for activation of the
23-kDa cysteine protease, an Ad enzyme that partici-
pates in virus uncoating. A TVD motif in the cytoplasmic
tail of the b5 integrin subunit was recently shown to
FIG. 2. Cartoon depicting the cell entry pathway of adenovirus. The
of the virus to mildly acidic conditions in the early endosome trigger
endosomal membrane allowing the virus to be released into the cytop
association with microtubules. Release of the viral genome occurs up
DNA and assembly of new virions.specifically regulate Ad-mediated membrane permeabi-
lization and endosome disruption (Wang et al., 2000).These findings suggest that another host cell factor(s)
may interact with avb5 integrin to promote endosome
disruption.
Adenovirus was one of the first viruses whose cell
entry pathway was visualized by electron microscopy
(Dales and Chardonnet, 1970). These early EM studies
suggested that Ad particles associate with microtubules
during the process of nuclear localization. More recent
quantitative studies using fluorescence-tagged Ad parti-
cles (Nakano et al., 2000; Suomalainen et al., 1999) have
confirmed that incoming Ad capsids utilize microtubule
motors in order to traffic to the nuclear pore complex.
The nuclear import machinery, including importin-a and
b and hsp70, are also believed to promote docking of
the Ad capsid at the nuclear pore complex (Saphire et al.,
2000). Interestingly, the known nuclear import factors
alone are not sufficient to promote Ad DNA delivery into
the nucleus and thus other as yet unidentified host cell
proteins may participate in this process.
While significant progress has been made on the iden-
nd cell integrins are cointernalized into clathrin-coated pits. Exposure
l disassembly of the viral capsid and concomitant disruption of the
Virus particles are then translocated to the nuclear pore complex via
s docking at the nuclear pore complex followed by replication of viralvirus a
s partia
lasm.tification of receptors for adenovirus, further studies are
needed to gain a better understanding of how this nonen-
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4 MINIREVIEWveloped virus penetrates cell membranes as well as deliv-
ers its genome into the nucleus. New knowledge of Ad
entry mechanisms may enable the development of im-
proved viral vectors with enhanced cell-targeting capabili-
ties. Given the current uncertainty regarding the safety and
efficacy of Ad vectors, a greater understanding of virus–
host cell interactions will be critical to the successful ad-
aptation of adenovirus for gene therapy applications.
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